We measured the spatial contrast sensitivity of two dark-reared cats before and after bilateral ablations of area 17 and parts of area 18. These lesions produced large deficits in the contrast sensitivity of both cats at intermediate and high spatial frequencies. This postoperative reduction in contrast sensitivity in dark-reared cats is relatively similar to the sensitivity deficits produced by the same cortical lesions in normally reared cats. However, both pre-and postoperatively, the normally reared cats exhibited contrast sensitivity that is clearly superior to that of the dark-reared
Abstract
We measured the spatial contrast sensitivity of two dark-reared cats before and after bilateral ablations of area 17 and parts of area 18. These lesions produced large deficits in the contrast sensitivity of both cats at intermediate and high spatial frequencies. This postoperative reduction in contrast sensitivity in dark-reared cats is relatively similar to the sensitivity deficits produced by the same cortical lesions in normally reared cats. However, both pre-and postoperatively, the normally reared cats exhibited contrast sensitivity that is clearly superior to that of the dark-reared
cats. The results demonstrate both that striate cortex is significantly involved in the spatial contrast sensitivity of dark-reared cats and that dark rearing produces widespread deficits, independent of those in striate cortex, through much of the visual system.
The role of striate cortex in pattern vision has been a subject of considerable interest (for reviews of this literature, see Doty, 1973; Sprague et al., 1981) . Although the magnitude of the effect of striate lesions on pattern sensitivity varies among species, the postoperative deficits in cats are relatively moderate and seem to be limited to a mild reduction in visual acuity and spatial localization (Doty, 1973; Berkley and Sprague, 1979; Lehmkuhle et al., 1982) . Such lesions may reduce binocular depth discrimination as well (Kaye et al., 1981) . The possible contribution of striate cortex to the integrity of pattern vision also bears upon any physiological interpretation of the pattern deficits exhibited behaviorally by visually deprived cats. There are a multitude of physiological deficits in the striate cortex of visually deprived cats (reviewed in Movshon and Van Sluyters, 1981; Sherman and Spear, 1982) , and these marked physiological abnormalities are often related to the severely impaired pattern vision of these cats (Ganz and Fitch, 1968; Dews and Wiesel, 1970; Blake and DiGianfilippo, 1980; Lehmkuhle et al., 1982 ; and many others). However, since normally reared cats without striate cortex exhibit pattern vision and spatial contrast sensitivity that is superior to that exhibited by visually deprived cats, it follows that there must be deficits in addition to those in striate cortex that account for the largely inferior vision of visually deprived cats (Lehmkuhle et al., 1982 prived cats, these comparisons do not indicate the extent to which the abnormal physiology of striate cortical cells contributes to their abnormal vision. One possible way to study the contribution of striate cortex to the impaired pattern vision of visually deprived cats is to evaluate the behavioral consequences of ablating striate cortex in these animals. Aarons et al. (1963) performed an analogous study in darkreared cats. They lesioned striate cortex in normally reared and dark-reared cats and measured the animals' postoperative retention of a previously learned intensity discrimination. They found that both light-reared and dark-reared cats failed to retain the intensity discrimination following the lesion. This suggests a contribution of striate cortex in the visually deprived cats that might seem surprising in view of the abnormalities evident in this cortex. However, these results are difficult to interpret within the present context for several reasons. First, the study dealt with an intensity discrimination rather than a pattern discrimination; and second, the study primarily measured retention performance and not visual sensitivity. We repeated the study on dark-reared cats with several important modifications.
First, we measured pattern sensitivity by obtaining spatial contrast sensitivity functions; and second, we focused on measuring visual sensitivity and not on rates of learning.
The present report describes the effects of striate cortex lesions on spatial sensitivity of dark-reared cats, and these are rather similar to the effects of such lesions in normally reared cats (Lehmkuhle et al., 1982 and spatial contrast sensitivity functions obtained from the two dark-reared cats preoperatively have been reported previously (Lehmkuhle et al., 1982) and are shown in Figure 1 . These preoperative contrast sensitivity functions are quite similar to those obtained by Blake and DiGianfilippo (1980) . Sensitivity of both cats peaks near 0.5 cycle/degree and declines at lower and higher spatial frequencies.
Compared to l post-op -3 months 0 post-op-9months that of normal cats, the sensitivity of both dark-reared cats is reduced at all spatial frequencies.
However, this reduction is less at higher than at lower spatial frequencies (see Fig. 4 ).
Extent of cortical lesions. The cortical lesions in the darkreared cats were assessed by examination of the cortical tissue and the pattern of retrograde degeneration seen in the Alaminae of the lateral geniculate nuclei (Figs. 2 and 3) . Although variability clearly exists in the extent of these lesions, they were quite similar for the two cats.
In each animal, the border between areas 17 and 18 was fairly completely ablated, and thus the extent of damage to area 18 had to be assessed largely from the pattern of retrograde changes in the A-laminae in the context of Sanderson's (1971) Figure 1 illustrates the spatial contrast sensitivity functions of the dark-reared cats at 3 and 9 months after the cortical lesions, and Figure 4 shows the sensitivity losses due to the lesions. The lesions in both cats led to marked reductions in sensitivity to middle and higher spatial frequencies but not to lower spatial frequencies.
Also, a slight improvement in sensitivity was noted for both cats between 3 and 9 months postoperatively.
Discussion
Effects of striate cortex lesions in dark-reared cats
The purpose of this study was to evaluate the contribution of striate cortex to the residual vision exhibited by dark-reared cats. We found that striate lesions in dark-reared cats significantly impaired spatial contrast sensitivity, but only for intermediate and high spatial frequencies. Sensitivity at low spatial frequencies was not affected by the lesions. This observation suggests that striate cortex of dark-reared cats does subserve spatial sensitivity at middle and high spatial frequencies but plays less of a role in determining sensitivity at low spatial frequencies. It is perhaps somewhat surprising that this cortex in a dark-reared cat, that is, cortex with such abnormal physiological properties (Van Sluyters and Movshon, 1981; Sherman See the text for details. Lehmkuhle et al. Vol. 4, No. 10, Oct. 1984 and Spear, 1982) , would be so useful to the cat's visual performance. The average contrast sensitivity functions for normally reared and dark-reared cats before and after ablation of area 17 and parts of 18 are shown in Figure 4A . The data from the normally reared cats were previously published (Lehmkuhle et al., 1982) and represent the average for two cats. Data are also averaged for the dark-reared cats, and we selected the g-month postoperative data to express these differences conservatively. The differences between preoperative and postoperative sensitivities of both normally reared and dark-reared cats are depicted in Figure 4B . As can be seen in Figure 4 , the change in sensitivity produced by the cortical lesion is nearly equivalent for normally reared and dark-reared cats even though the preoperative sensitivities of the normally reared and darkreared cats are quite different. Consequently, the effect of such a striate cortex lesion is to reduce sensitivity only at higher spatial frequencies.
Since a striate cortex lesion produces a similar relative deficit in normally reared and dark-reared cats, but the former has much better postoperative vision than does the latter, the pattern deficits preoperatively observed in darkreared cats cannot be adequately explained by considering only the physiological deficits in striate cortex (see also Lehmkuhle et al., 1982) .
Neural substrates of behavior in dark-reared cats
Although many possible neurological correlates may be considered for these psychophysical data, two in particular seem worth elaborating.
These two hypotheses are not mutually exclusive, nor are they the only hypotheses that might be considered.
Generalized cortical deficits. The simpler hypothesis is that most or all areas of visual cortex may develop abnormally to roughly the same extent during dark rearing. For example, this may occur as the result of a general failure of thalamocortical circuits to develop during dark rearing. Each visual cortical area may consequently provide a reduced but useful degree of visual processing, and lesions in any of them might provide deficits that, in relative terms, are similar to those seen in normally reared cats following equivalent lesions. Thus, striate cortex does not develop normally in dark-reared cats, but it does provide these animals with a measure of useful sensitivity to higher spatial frequencies.
Deficits in the Y cell pathway. A somewhat different explanation may be found by considering deficits in the parallel W, X, and Y cell geniculocortical pathways (Rodieck, 1979; Stone et al., 1979; Lennie, 1980; Sherman and Spear, 1982; Sherman, 1984) . On the basis of a variety of physiological, morphological, and behavioral observations, the following hypothesis was proposed (reviewed in Sherman, 1984) . The Y cell pathway is involved in basic form analysis from information carried in the lower spatial frequencies, and the X cell pathway is involved in an analysis of fine details via the higher spatial frequencies. Least is known about the W cell pathway; no specific role has yet been suggested for it in form vision (however, see Stone et al., 1979) , and virtually nothing is known regarding the physiological consequences of visual deprivation on development of the W cell pathway. Thus, discussion below is limited to the X and Y cell pathways.
Two observations are central to the above hypothesis for the X and Y cell pathways. The first is that geniculate X cells project exclusively or nearly so to striate cortex, while the Y cell projection involves many extrastriate as well as striate cortical areas (Stone and Dreher, 1973; Raczkowski and Rosenquist, 1983; reviewed in Sherman, 1984) . The second is that striate cortex lesions, which, thus, effectively remove the X cell pathway from cortical circuitry but leave much of the Y cell w 1 mm u n no degen. degen.
&UUV 3. Reconstruction of' striate cortex lesion for cat DR2. Conventions are the same as in Figure 2 . See the text for details. ,,,,,,,, .I ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, u Vol. 4, No. 10, Oct. 1984 1982 , the abnormalities that develop in striate cortex during dark rearing suggest that the X cell pathway, at least at the cortical level, may be rather abnormal in these cats. Nonetheless, Blake and DiGianfilippo (1980) concluded that the darkreared cats of their study provided psychophysical evidence of rather more normal functioning of the X cell pathway than of the Y cell pathway.
This conclusion is consistent with our own data as presented here and previously (Lehmkuhle et al., 1982 ; see also Fig. 4 ). The qualitatively poor visually guided behavior of dark-reared cats and their relative insensitivity to lower spatial frequencies are consistent with their poor development of geniculate Y cells. Also, striate cortex lesions, which effectively eliminate any remaining function of the X cell pathway, further reduce their visual sensitivity, particularly with regard to stimuli of higher spatial frequencies.
It must be emphasized that, while the psychophysical data presented here may be consistent with greater physiological deficits in the Y cell pathway than in the X cell pathway, this is hardly proof of such a relationship.
Furthermore, this notion and that of a generalized effect of dark rearing throughout multiple areas of visual cortex described above are not mutually exclusive. Indeed, since the geniculocortical Y cell pathway innervates so many areas of visual cortex, including striate cortex (see Sherman, 1984) , any deficits due to dark rearing among geniculate Y cells may well be reflected as a generalized effect throughout visual cortex.
Summary
The major finding of the present study is that striate cortex does significantly contribute to the residual spatial contrast sensitivity of dark-reared cats. Thus, striate cortex in such cats, cortex which contains cells with many abnormal response properties (reviewed in Movshon and Van Sluyters, 1981; Sherman and Spear, 1982) , can subserve some pattern vision. Since striate cortex lesions have relatively similar consequences on the spatial contrast sensitivity of normally reared and darkreared cats, it is possible that the striate cortex of dark-reared cats contributes in a surprisingly normal fashion to the form vision of these cats. Furthermore, since normally reared cats after striate lesions have obviously superior vision to that of dark-reared cats following similar lesions, it follows that many extrastriate deficits must also exist in dark-reared cats that are independent of abnormalities in striate cortex. The observations are consistent with widespread deficits due to dark rearing that may result from generalized thalamocortical transmission failure, relatively specific abnormalities among the Y cell pathway, or perhaps other processes not considered here.
